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[bookmark: _Toc117583190]Introduction
For this report I have been tasked with finding the stress/strain curve for a rubber band. I must design the experiment myself and use materials and equipment on hand or that I can purchase cheaply. I will be critically evaluating my own experiment and reviewing the cost and time against the accuracy of the results.
The material used to create the rubber band was of my choice. I will be doing this by conducting an experiment that I have designed using a rubber band and a known force. Other rubber phenomena I will look at are creep, hysteresis, and fatigue fractures. 
[bookmark: _Toc117583191]Experimental method
To measure the stress and strain relationship for the rubber material I decided to use the standard approach of applying a gradual load and measuring the deformation at these loads. This data can then be transferred to a table where we can create a graph that visually shows the stress/strain curve. 
The experiment had to be conducted with the equipment available to me at the time, which will no doubt impact on the accuracy of the test. The two main considerations when designing this experiment was a method of applying a load, and a method of measuring a load.
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Figure 1
The image above shows the equipment that I used for this experiment, see figure 1. Items included a laptop, tape measure, butchers hook, pack of rubber bands, thermometer, digital calipers, kitchen scales and a plastic bottle with a bolt hook fitted to the lid. Items also used in the experiment however were not mentioned above were two beakers, and a water source. 
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Figure 2
The above image shows the setup of my experiment in the doorway of my kitchen, see figure 2. The setup is as follows; butchers hook hanging on screw, rubber band hanging on butcher’s hook, bottle handing from rubber band. The butcher’s hook was hung from a screw fitted to the frame on a doorway into my kitchen. The hook was used as a bearer for the rubber band as I feared the threads on the screw may cut into the rubber, thus affecting the accuracy of the test. The bands used are natural rubber, which is classed as a polymer. According to  (Dijk, 2019), “A polymer is a chemical compound with large molecules made of many smaller molecules of the same kind”. Elasticity in rubber is caused by the long isoprene polymer chains. When the material is stretched the chains straighten out and when the force is released these chains return to curly again. 
The steps of my experiment are as follows.
1. Measure temperature of experiment location
2. Measure rubber band dimensions
3. Zero scales, then measure weight of bottle setup
4. Measure the rubber band length without applying load
5. Apply the load of bottle only
6. Measure distance between hook centers
7. Log results in table
8. Fill bottle with 100ml and measure distance between hook centers
9. Log results in table
10. Repeat steps 8-9 until band snaps
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Results
	Load (g)
	Force (gf)
	Energy
	Force (N)
	Band Length (mm)

	No Load
	0
	0
	0
	45

	129
	129
	0.06
	1.27
	136

	100
	229
	0.08
	2.25
	180

	102
	331
	0.07
	3.25
	204

	101
	432
	0.21
	4.24
	259

	104
	536
	0.12
	5.26
	284

	103
	639
	0.17
	6.27
	314

	105
	744
	0.20
	7.30
	343

	99
	843
	0.01
	8.27
	344

	101
	944
	0.13
	9.26
	359

	103
	1047
	0.09
	10.27
	368

	101
	1148
	0.17
	11.26
	384

	98
	1246
	0.12
	12.22
	394

	105
	1351
	0.13
	13.25
	404

	107
	1458
	0.14
	14.30
	414

	103
	1561
	0.10
	15.31
	421

	101
	1662
	0.17
	16.30
	432

	100
	1762
	0.12
	17.29
	439

	104
	1866
	0.18
	18.31
	449

	102
	1968
	0.11
	19.31
	455

	99
	2067
	0.18
	20.28
	464

	102
	2169
	0.10
	21.28
	469

	110
	2279
	0.15
	22.36
	476

	106
	2385
	0.41
	23.40
	494

	105
	2490
	
	24.43
	BREAK



Figure 3
Following the experiment plan mentioned above I obtained the results shown in the table above, see figure 3. At this stage I had noticed a trend in the data, the band does not stretch the same amount at each load. The band starts at a length of 45mm but end up stretching to 485mm, this means that the band stretched up to a factor of ten. The reason that the band can stretch this amount is due do its properties. Some key properties listed by (Fournier Rubber & Supply Co, 2020) are, “Some of the material’s key characteristics are high tear and tensile strength, resilience, and resistance to abrasion, friction, extreme temperatures, and water swell”. At this stage I decided to put the results into a graph to see if there are any outliers and obvious trends, see figure 4 below. 

Figure 4
I then calculated the engineering strain, and the true stain using the following equations. For true strain, the equation is the change in length divided by the original length. Whereas true stain is the sum of all changes in length divided by the individual lengths.


To get a more accurate true strain equation we need to use integral calculus as this will mean that the change in length is infinite rather than in stages as the above equation suggests.



Therefore, the final formula for true strain is as below.

The next step was to calculate the engineering stress along with the true stress. To calculate these, we had to measure the band for the cross-sectional area. For this I used digital calipers, and the total cross-sectional area was calculated as 2.86mm². To calculate the engineering stress, I used the below formula which is the force divided by the original cross-sectional area.

To calculate the force, I multiplied the weight of the load with gravity (9.81), and then divided by one thousand to convert from grams to kilograms. Similarly, to the strain equations, true stress must be calculated with the consideration that the cross-sectional area is being reduced each time a load is applied. The issue with calculating this is that we cannot accurately measure the cross-sectional area whilst the band is being stretched. However, with rubber we can assume that if the band is stretched twice as long then the cross-sectional area will be half the size. Therefore, we can calculate the cross-sectional area at each load by using the same ration the band stretched. Once I had obtained this data, I then used the below formula to calculate the true stress of the rubber band. 

Using the above formulas to calculate engineering stress stain curve and the true stress stain curve, see figures 5 and 6.

Figure 5

Figure 6
[bookmark: _Toc117583193]Analysis of results
The engineering stress strain graph tells us several things. Firstly, the engineering stress is at 24.7N/mm² before the band breaks, this is known as the ultimate tensile stress and can be seen by the red line on figure 7. From a design perspective this is important because this means if that band is exposed to a stress of more than 24.7N/mm² then the band will fail. Secondly, we know this rubber band will stretch to ten times its original length before it breaks, see green line on figure 7.
Finally, there is a notable straight section on the curve, see pink line on figure 7 below. The top of this line represents the yield point, where if the material is stresses beyond this then permanent deformation will occur. In this section stress is proportional to strain, meaning we can calculate young’s modulus from the gradient of the line. To calculate young’s modulus, we can use the equation below. 
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Figure 7

The true stress strain graph also tells us several things. Firstly, the ultimate tensile strength is much higher on this diagram, 90N/mm² as show by red line on figure 8. What this means is that you could design around this figure using a pre stretched rubber band.
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Figure 8
From an engineering design perspective, the engineering stress/strain graph is more suitable as it is less complex but still provides all the necessary information, such as UTS, yield point and the modulus. The true stress strain diagram is more useful for material scientist as is accurately shows material behavior. 
[bookmark: _Toc117583194] Analysis of experimental inaccuracy and cost/quality trade-off
If I were to repeat the experiment again there several changes, I would make so that the accuracy is improved. When I designed this experiment, my considerations were cost, time, and effort VS accuracy.
The biggest source of variation was the measurement method for the cross section. I chose to use a digital caliper as this was the most accurate measurement instrument available to me at the time, however the rubber was slightly compressing when the jaws of the caliper closed. Another source of variation was the stress raiser caused by the hooks. These were the most suitable items available to me as the time however if I had spent more, I could have purchased specifically designed tapered samples, made from a rubber material. 
I would also have liked access to a force tester with the ability to stretch these samples. This would also improve the method of force measurement and use a steady stain rate. I used my mum’s kitchen scales however these are not calibrated therefore there is no knowing that they are correct. The bigger issue with this is that the error in the measurement compound as I add each load. I would also change the method of supporting the load next time as I had to remove the bottle each time to add the water, thus resulting in multiple stretches instead of a single stretch. Doing this had a positive effect on creep, the long-term deformation from a constant load. As the rubber band was not kept under a load the time for creep to develop was minimal. Creep is a key property of viscoelastic materials, 
[bookmark: _Toc117583195]Discussion
Without adding additional cost there are a few things I would do differently. First would be to assess a larger sample of bands, as this would give a better results sample. Temperature is another aspect I would improve, as I only conducted my experiment in one temperature. If I were to experiment with the bands in a wider temperature range, then I could see how the properties of rubber are affected by temperature. I did however conduct some research into this and discovered that unlike most materials, an increase in temperature requires higher a higher force to stretch the rubber. This is because rubber shrinks when temperature is increased, due to its polymer chains. (Wu, 2018) explains this well; “Tensile strength of rubber decreases with increasement of temperature, and elongation at break increases. The increasement of ambient temperature exacerbates thermal motion, which changes the arrangement of rubber molecular chain.” This is the same reason that when rubber is stretched it gets warmer, and when released it gets cooler. Hysteresis in rubber is where the energy is transferred to molecules, resulting in a temperature increase. 
Another measurement aspect I could have improved was the sample of measurement. I only measured the band in one location, however next time I would measure in several locations along the band and take and average.
Despite the fact there are many improvements that could be made to the experiment, I believe it has still reflected the properties of rubber well. 
[bookmark: _Toc117583196]Conclusion
To summarize, the results of the experiment clearly show a decrease in extension the greater the load gets. Calculations from this data allowed me to produce engineering and true stress strain diagrams, of which the engineering stress strain diagram provides more relevant information from an engineering perspective. The experiment has several accuracy flaws however the basic theory is proved to be correct. Therefore, considering the cost and time spent on this experiment I would class it as a success. 
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Engineering Stress/Strain Curve for rubber band
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